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Outline	
  

•  How	
  do	
  we	
  monitor	
  for	
  pathogens	
  in	
  
wastewater,	
  biosolids,	
  and	
  the	
  environment?	
  

•  How	
  are	
  biosolids	
  treated	
  to	
  reduce	
  pathogen	
  
loads?	
  

•  What	
  is	
  known	
  about	
  pathogen	
  exposure	
  risks	
  
related	
  to	
  land	
  applicaOon	
  of	
  biosolids?	
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The	
  Pathogen(s)	
  Problem…	
  

et al. 1963). One public health text of the early 1900s suggested that residuals be treated by a process 
like anaerobic digestion before being used on food chain crops (Babbitt and Baumann, 1958). An 
examination of all the literature between 1930 and 1975 suggested that with anaerobic and aerobic 
digestion  one  could  expect  about  a  40  %  reduction  in  a  sludge’s  volatile  solids  concentration and about 
a two log reduction in indicator organisms like fecal coliforms and a one log reduction in pathogenic 
organisms like Salmonella sp., enteric viruses and worms like Ascaris (USEPA, 1979). 
 
Table 1.  Major Pathogens Present in Raw Domestic Sludge 
 

CLASS EXAMPLES DISEASE 
Bacteria Shigella sp. 

Salmonella sp. 
Salmonella typhi 
Vibrio cholerae 
Enteropathogenic- 
Escherichia coli 
Yersinia sp. 
Campylobacter jejuni 
 

Bacillary dysentery 
Salmonellosis (gastroenteritis) 
Typhoid fever 
Cholera 
 
A variety of gastroenteric diseases 
Yersiniosos (gastroenteritis) 
Campylobacteriosis (gastroenteritis) 

Viruses Hepatitis A 
Norwalk virus 
Rotaviruses 
Polioviruses 
Coxsackie viruses 
Echoviruses 
 

Infectious hepatitis 
Acute gastroenteritis 
Acute gastroenteritis 
Poliomyelitis 
“flu-like”  symptoms 
“flu-like”  symptoms 

Protozoa Entamoeba histolytica 
Giardia lamblia 
Cryptosporidium sp. 
Balantidium coli 
 

Amebiasis (amoebic dysentery) 
Giardiasis (gastroenteritis) 
Crytosporidiosis (gastroenteritis) 
Balantidiasis (gastroenteritis) 

Helminths Ascaris sp. 
Taenia sp. 
Necator americanus 
Trichuris trichuria 

Ascariasis (roundworm infection) 
Taeniasis (tapeworm infection) 
Ancylostomiasis (hookworm infection) 
Trichuriasis (whipworm infection) 

 
Looking back to the early use of disinfection practices, we find two basic rules in 2000 B.C. which 
state that water must be exposed to sunlight and filtered with charcoal, and that impure water must be 
purified by boiling the water and then dipping a piece of copper into the water seven times, before 
filtering the water (Baker and Taras, 1981). Amazingly these rules show an awareness of the 
disinfection/germicidal benefits of stressors/processes like UV rays; filtration, charcoal, high 
temperature; and heavy metals for removal of contaminants/germs. In the nineteenth century the effect 
of disinfectants, such as chlorine, was discovered. One of the first known uses of chlorine was for 
water disinfection in 1850 after an outbreak of cholera in London (Christman, 1998). Chlorine was 
first used in the USA in 1908 as a chemical disinfectant for drinking water, and the powerful 
disinfectant attributes come from its ability to bond with and destroy the outer surfaces of bacteria and 
viruses (Christman, 1998). Chlorine oxidation of sludge is not practiced, however, because of the high 
concentrations of chlorinated organic compounds that are created (USEPA, 1979). 

Source:	
  Smith,	
  2013.	
  Historical	
  review	
  of	
  US	
  guidance	
  and	
  regulaOons	
  for	
  sludge	
  disinfecOon	
  and	
  
stabilizaOon	
  including	
  a	
  future	
  projecOon.	
  27th	
  Annual	
  Residuals	
  and	
  Biosolids	
  Conference.	
  

Indicator	
  Organisms	
  
•  Nonpathogenic	
  
– Coliforms/E.	
  coli	
  
– Enterococci	
  

•  Pathogenic	
  
– Salmonella	
  
– Phages,	
  enteric	
  viruses	
  
– Giardia,	
  Cryptosporidium,	
  helminths 	
  	
  



12/4/14	
  

3	
  

Two	
  pathogen	
  reducOon	
  goals	
  
1.  Pathogen	
  load	
  

	
  

2.  Vector	
  AZracOon	
  

Federal	
  rules	
  

•  40	
  CFR	
  257	
  (1979):	
  
–  Processes	
  to	
  Significantly	
  Reduce	
  Pathogens	
  (PSRPs):	
  	
  
1	
  log	
  reducOon	
  of	
  pathogens	
  

–  Processes	
  to	
  Further	
  Reduce	
  Pathogens	
  (PFRPs):	
  	
  
Complete	
  reducOon	
  below	
  analyOcal	
  limits	
  

•  40	
  CFR	
  503	
  (1993)	
  
–  Vector	
  AZracOon	
  ReducOon	
  (VAR)	
  processes	
  were	
  
separated	
  	
  

–  Division	
  into	
  Class	
  A	
  and	
  Class	
  B	
  biosolids	
  
–  Acceptable	
  levels	
  of	
  pathogens	
  and	
  indicators	
  were	
  
established	
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Methods	
  for	
  Pathogen	
  ReducOon	
  

•  Thermal	
  
– ComposOng	
  
– PasteurizaOon	
  

•  Drying	
  
•  Alkalinity	
  
•  IrradiaOon	
  
•  Unknown	
  
•  InnovaOve	
  

40CFR503	
  Pathogen	
  targets	
  

•  Class	
  A:	
  
–  Fecal	
  Coliforms:	
  <	
  103	
  CFU/g	
  dw	
  	
  
–  Enteric	
  Viruses:	
  <	
  1	
  PFU/4	
  g	
  dw	
  
–  Salmonella	
  spp.:	
  <	
  3	
  MPN/4	
  g	
  dw	
  
–  Helmith	
  ova:	
  <	
  1	
  viable	
  ova/4	
  g	
  dw	
  

•  Class	
  B:	
  
–  Fecal	
  Coliforms:	
  <	
  2	
  x	
  106	
  CFU/g	
  dw	
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Class	
  B	
  Use	
  
•  A	
  variety	
  of	
  pathogens	
  
can	
  persist	
  

•  Health	
  risks	
  are	
  the	
  result	
  
of	
  complex	
  interacOons	
  
between	
  factors	
  
– Pathogen	
  concentraOon	
  
– Pathogen	
  ecology	
  
– Geography/climate	
  
–  InfecOous	
  dose	
  
– End	
  use	
  

J U LY 1 , 2002 / E N V IR O N M E N TA L S C IE N C E & T E C H N O LO G Y ■ 289 A

Pathogens in sewage sludges 
EPA and others have compiled lists of various path-
ogenic bacteria, viruses, protozoa, and parasitic
worms potentially found in sewage sludges (Table 1).
Such lists focus on enteric organisms historically as-
sociated with wastewater problems and need updat-
ing to include other potentially important pathogens
and emerging infectious diseases. Municipal wastes
from any large metropolitan area are likely to include
a wide variety of pathogens from every corner of the
world.

For example, cytomegalovirus (CMV) specifically
infects humans and is found in 60–90% of the adult
population in the United States. (10). The virus is shed
in excrement for months to years after infection.
Exposure during pregnancy is a leading cause of cer-
tain birth defects, such as vision and hearing im-
pairments and mental retardation. Fifty percent of
young women in the higher socioeconomic brackets
(individuals who tend to live under good sanitary con-
ditions and therefore are not infected earlier) in the
United States are susceptible to CMV infection (11).
Similarly, human papiloma virus (HPV), the fastest
growing sexually transmitted disease in the United
States, is the primary cause of cervical cancer and a
significant risk factor for colorectal cancer. HPV is en-
vironmentally stable and may have become a ubiq-
uitous contaminant in municipal wastes in recent
years. Abattoirs and funeral homes introduce large
numbers of nonenteric pathogens into waste treat-
ment systems, including a wide variety of common
bloodborne pathogens and rare but extremely stable
prions, which are the probable causes of Creutzfeldt–
Jakob and Mad Cow diseases. 

The public health implications of these sources of
infectious agents need to be fully assessed with re-
spect to land application practices. Processed sewage
sludges often contain the combined wastes from
many hundreds of thousands of individuals, and
most waste treatment processes are not designed to
sterilize the material. It is prudent, therefore, to as-
sume that any organism commonly found in mu-
nicipal wastes is also likely to be present in Class B
biosolids.

What are the risks?
Minimum infective dose. A complex set of conditions
determines whether someone will develop an infec-
tion or a disease from exposure to sewage sludge
pathogens. To begin with, exposure to pathogens may
only lead to “pseudo-infections” in which pathogens
have been introduced in the body but fail to cause dis-
ease. In other cases, pathogens take hold, multiply,
and, in time, cause disease. 

Infectious diseases develop when susceptible in-
dividuals are exposed to enough virulent, infectious
units, such as bacterial cells or viral particles, through
an appropriate mechanism of entry—for example, by
inhalation, ingestion, or dermal contact. Host sus-
ceptibility, exposure, dose, virulence, and portal of
entry are the primary limiting factors in the disease
process.

EPA is currently considering assessing pathogen
risks with sludges based on estimates of minimum

infective doses (MIDs). Reliable estimates of the
MID, minimum number of infectious units required
to cause an infection, are elusive. These numbers
are based on data from individuals with normal im-
mune systems and vary widely, both spatially and
temporally. With immunocompromised individuals,
such as infants, the elderly, or those with AIDS and
other chronic diseases, what constitutes the MID
is unknown. 

Pathogen–chemical risks.Although the subject of
biosolids is often introduced with a discussion of
night soil (human excrement used for fertilizer) the
current practice of concentrating urban and indus-
trial wastes with excrement from the global com-
munity bears little resemblance to farm life in the
“old world.” To process sewage into Class B bio-
solids, the material is partially disinfected by heat,
chemicals, or biological processes. These methods
can release large amounts of endotoxins from the
breakdown of cell walls of gram-negative bacteria,

TA B L E  1  

Class B contents
The following organisms are examples of pathogens found in Class B
sewage sludge and associated symptoms of exposure. One or more
species from the following groups of genera may be represented in
Class B sludge.

Bacteria Symptoms

Aeromonas Legionella Fever, chills, nausea, vomiting, 
Bacillus Listeria severe abdominal pain, diarrhea, 
Brucella Mycobacterium bloody stools, respiratory and 
Campylobacter Proteus sinus congestion, thick/colored 
Citrobacter Pseudomonas mucus, rashes 
Clostridium Salmonella
Coxiella Shigella
Enterobacter Serratia 
Erysipelothrix Staphylococcus
Escherichia Streptococcus
Francisella Yersinia
Klebsiella Vibrio

Viruses

Astroviruses Norwalk viruses Fever, chills, nausea, vomiting, 
Caliciviruses Reoviruses abdominal pain, diarrhea, severe 
Hepatitis viruses Rotaviruses headaches, congestion, respira-
Enteroviruses tory distress, jaundice, paralysis, 

rashes

Protozoa

Balantidium Giardia Intermittent diarrhea/constipa-
Cryptosporidium Toxoplasma tion, abdominal pain/cramps, 
Entamoeba bloody stools, nausea, weight loss, 

dehydration

Helminth Worms

Ascaris Taenia Fever, chest pain, bronchitis, diar-
Hymenolepis Trichuris rhea, vomiting, nutritional deficien- 
Necator Toxocara cies, neurological problems,  

anorexia, weight loss, muscle aches
Source: U.S. EPA Office of Research and Development.

So	
  What?	
  Is	
  it	
  safe?	
  

•  “There	
  is	
  no	
  documented	
  scienOfic	
  
evidence	
  that	
  the	
  Part	
  503	
  rule	
  has	
  
failed	
  to	
  protect	
  public	
  health.	
  
However,	
  …”	
  
–  2002	
  Report	
  by	
  NAS/NRC	
  

•  More	
  recent	
  review:	
  pathogens	
  
occur	
  in	
  biosolids	
  but	
  risk	
  is	
  difficult	
  
to	
  determine	
  
–  Sidhu	
  and	
  Toze	
  (2009)	
  Environment	
  InternaAonal	
  35:187-­‐201	
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Example	
  of	
  Available	
  Data	
  

each primer and 125 nM of TaqMan probe, while all bacterial analyses were
conducted with 300 nM of each primer and 100 nM of TaqMan probe. The
qPCRs were run on an ABI Prism 7500 sequence detector under standard
thermal-cycling conditions, consisting of an initial 10 min of denaturation at
95°C, followed by 45 cycles of 15 s of denaturation at 95°C and 60 s of annealing/
extension (the assay-specific temperatures are listed in Table 2).

Standard curves were developed for each qPCR bacterial pathogen assay using
genomic DNA. Starting nucleic acid concentrations were determined by a Nano-
drop ND-1000 UV-Vis spectrophotometer (Nanodrop Technologies, Wilming-
ton, DE). Three to five independent dilution series were aliquoted from 100 to
106 genomic units (GU)/reaction with the genomic DNA of Legionella pneumo-
phila subsp. pneumophila (ATCC 33152), Staphylococcus aureus subsp. aureus
strain MU50 (ATCC 700699), Clostridium difficile (ATCC 90556-M6S), and
Enterococcus faecalis (ATCC 19433). For adenovirus species standard curves, a
301-bp region of the hexon gene from adenovirus serotype 40 was PCR amplified
with previously published primers (3). The PCR amplicon was subsequently
cloned into a pCR4-TOPO plasmid vector, transformed into competent E. coli
following the manufacturer’s instructions (TOPO TA cloning kit; Invitrogen,
Carlsbad, CA), and purified with a QIAprep spin miniprep kit (Qiagen, Inc.,
Valencia, CA). The hexon gene plasmid DNA was then quantified and diluted as
previously described for genomic DNA. Standard curves were used to relate a
threshold cycle value to genome concentrations in biosolid samples, and standard
log regression parameters are listed for each assay in Table 2. Negative controls
and a standard curve were included with every assay. Each qPCR pathogen assay
could consistently detect 10 pathogen genomes per reaction, while cases with one
pathogen genome were typically detected in only one out of three replicates.

Prior to any qPCR pathogen analyses, DNA inhibition was explored in each
biosolid DNA extract using an exogenous external control (the pUC19 plasmid)
assay. The pUC19 plasmid was spiked into each biosolid sample with no dilution,
a 1:2 dilution, and a 1:5 dilution at 104 copies puc19/reaction. The percent
difference in threshold cycle values from each biosolid dilution was compared to
the control, and in cases where inhibition was observed (Student’s t test, P !
0.05), the biosolid DNA extract was diluted until inhibition was removed (12).
The inhibitory effects were also checked for each pathogen assay by spiking
known concentrations of genomic DNA for the relevant pathogen and compar-
ing to the standard curve with at least two biosolid samples from each treatment.

(iii) Pathogen confirmation with DNA sequencing. Pathogen serotypes were
determined for a subset of the positive biosolid qPCRs with DNA sequencing.
After qPCR, positive reactions were purified with the MinElute reaction cleanup
kit (Qiagen, Inc., Valencia, CA). Sequencing was performed on an AB 3730xl
DNA analyzer, and phylogenetic analyses were conducted using MEGA version
4 (45). To ascertain further differences in the sequences for L. pneumophila and
adenovirus species, nested PCR followed by sequencing was also performed
using previously described assays (3, 10).

Statistical interpretation. All culturable indicator and pathogen genome data
were log10 transformed and evaluated for lognormality using the Andersen-
Darling test. Analysis of variance (ANOVA) followed by Tukey’s postcompari-
son tests were used to show the differences between the concentrations of
pathogens and indicators (P ! 0.05) for each biosolid stabilization treatment.
Multivariate ANOVA (MANOVA) was used to rank biosolids based on all
indicator and pathogen data. Lognormal data were also analyzed with Pearson’s
correlation coefficient and linear regression to understand the relationships be-
tween culturable indicator and human pathogen concentrations. Statistics were
calculated in Minitab version 15.0.

RESULTS

The following results present a comparison of biosolid indi-
cators and human pathogen genomes in biosolid samples orig-
inating from domestic wastewater sludges stabilized via the
following methods: MAD (class B), TPAD (class A), COM
(class A), and MH (class A). Since the goal of the survey was
to capture trends between different treatment processes and
because the concentration data were found to be lognormally
distributed, the results are presented as the geometric (log)
average and standard deviation for each treatment type rather
than for individual biosolid samples. The class A MH results
are shown for comparison purposes but are not statistically
evaluated because of the limited sample size (n ! 2).

Culturable indicators in biosolids. Figure 1 depicts the con-
centration of culturable indicators in biosolids from the four
stabilization methods using a box-plot format. Comparisons
between each biosolid stabilization treatment show that indi-
cator concentrations in class A biosolids are lower than class B
biosolids for fecal coliforms, male-specific coliphages, and sul-
fite-reducing clostridia (ANOVA, P ! 0.005). Mean fecal co-
liform concentrations corresponded to U.S. EPA regulatory
limits for each biosolid class (class B, 2 " 106 CFU/dry g; class
A, 103 CFU/dry g), with class B MAD samples averaging 1.5 "
105 CFU/dry g and all but seven class A samples with fecal
coliform concentrations below the detection limits. Two of 16
class B MAD samples exceeded the allowable U.S. EPA fecal

FIG. 1. Box-and-whisker plots of the log biosolid indicator concentrations after four stabilization treatments (pooled data for 16 MAD, 8
TPAD, 10 COM, and 2 MH samples). The inner box lines represent the geometric medians, while the outer box lines represent the 25th and 75th
data percentiles (inner quartile range [IQR], the whiskers extend to 1.5 times the IQR, and the unfilled circles indicate data outliers.
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  of	
  Available	
  Data	
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  Peccia,	
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subsp. Corby in 5 MAD, 2 TPAD, and 3 COM samples but not
to the control, which was L. pneumophila subsp. Philadelphia.
S. aureus was also confirmed for 100% of the MAD and TPAD
samples tested, but the 124-bp amplified region of the nuc gene
used in the qPCR did not allow for differentiation among S.
aureus serotypes. Similarly, C. difficile-positive biosolids were
confirmed at the species level for all positive MAD and TPAD
samples.

Finally, MANOVAs were used to rank the biosolid stabili-
zation methods by giving equal weight to the pathogen genome
and indicator concentrations. From the method with the lowest
to the highest pathogen and indicator loads, the biosolid sta-
bilization methods can be ranked as follows: (i) class A COM,
(ii) class A TPAD, and (iii) class B MAD (MANOVA, P !
0.005).

Statistical relationships between indicators and pathogen
genomes. Linear correlations between culturable indicators
and pathogen genomes were investigated for both the pooled
data set (all treatments) and data from each stabilization treat-
ment. For the bacterial pathogen genomes, only results with
pathogen presence above detection limits are included in this
analysis. Since each biological parameter was lognormally dis-
tributed, parametric statistics were used first to determine sta-
tistically significant correlations (Pearson’s correlation coeffi-
cient [rp] and P value) and to then understand the behavior and
variance of correlated pathogen-indicator pairs (linear regres-
sion equation [R2]). In general, an rp of !0.6 shows a strong
positive correlation, and an rp of !0.3 but "0.6 shows a weak
to moderate positive relationship. When the biosolids data
were analyzed together, strong positive correlations were
noted between both indicator-indicator and pathogen-indica-
tor pairs. Fecal coliforms, the chosen U.S. EPA indicator, were
positively correlated to human pathogen genomes, including
adenovirus species genomes (rp # 0.613; P ! 0.005) and C.
difficile genomes (rp # 0.749; P ! 0.05), and weakly correlated

to L. pneumophila genomes (rp # 0.493; P # 0.10). Correla-
tions were also observed between male-specific coliphages and
adenovirus species genomes (rp # 0.506; P ! 0.005), C. difficile
genomes (rp # 0.851; P ! 0.05), and S. aureus genomes (rp #
0.685; P ! 0.10). All indicator-indicator relationships were
strongly significant (e.g., fecal coliforms to male-specific co-
liphages, rp # 0.773 and P ! 0.005), but no pathogen genome-
pathogen genome relationships were found. The sulfite-reduc-
ing Clostridium indicator was only correlated to other
indicators but not to the bacterial and viral pathogens in this
study. The data analyzed within a single treatment did not
reveal significant pathogen-indicator relationships, likely due
to the limited number of points and small spread of concen-
trations found for each treatment.

Positive correlations between pathogen genomes and in-
dicators are shown in Fig. 3, which shows the fitted-line plots
for each significantly related pathogen-indicator pair. Both
fecal coliform and male-specific coliphage indicators can
predict weak to moderate linear increases in pathogen ge-
nomes (R2, 24 to 72%). The major trend that emerges within
the linear regression equations is that the slope of the line is
both positive and similar for a specific indicator, regardless
of the pathogen. The culturable fecal coliforms (Fig. 3a to c)
increase 5.4 logs for each l-log change in pathogen genomes,
while the culturable male-specific coliphages (Fig. 3d to f)
average a 2.8-log increase for every 1-log increase in patho-
gen genomes.

DISCUSSION

Biosolids are increasingly diverted for agricultural applica-
tion in the U.S. and worldwide. The concerns over infectious
risk, coupled with recent trends to upgrade stabilization tech-
nologies to produce class A biosolids, underscore the need to
understand how indicator and pathogen contents vary for com-

FIG. 2. Box-and-whisker plots of the log pathogen genome concentrations of positive samples for each biosolid stabilization method. The inner
box lines represent the geometric medians, while the outer box lines represent the 25th and 75th data percentiles (IQR), the whiskers extend to
1.5 times the IQR, and the unfilled circles indicate data outliers. For each treatment, the dashed line represents the minimum detection limit within
the treatment.
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More	
  Recent	
  Research	
  
•  Pathogens	
  generally	
  low,	
  except	
  adenoviruses,	
  but	
  
indicators	
  generally	
  high	
  (1	
  log	
  above	
  limit)	
  in	
  naOon-­‐
wide	
  survey	
  of	
  class	
  B	
  solids	
  
–  Pepper	
  et	
  al.	
  (2010)	
  J	
  Environ	
  Qual	
  39:2185-­‐2190	
  

•  No	
  regulated	
  pathogens	
  detected	
  in	
  soil	
  10	
  months	
  ajer	
  
applicaOon	
  
–  Zerzghi	
  et	
  al.	
  (2010)	
  J	
  Environ	
  Qual	
  39:402-­‐408	
  

Exposure	
  and	
  risks:	
  epidemiology	
  
•  Controlled	
  epidemiological	
  studies	
  are	
  the	
  gold	
  standard	
  
but	
  liZle	
  progress	
  has	
  been	
  made	
  in	
  this	
  area	
  

•  Two	
  studies	
  have	
  conflicOng	
  results:	
  
–  No	
  difference	
  found	
  in	
  one	
  study	
  although	
  land	
  applicaOon	
  
rates	
  were	
  below	
  normal	
  (Dorn	
  et	
  al.	
  1985.	
  Environ	
  Res	
  38:332-­‐359)	
  

–  A	
  significant	
  difference	
  was	
  found	
  in	
  another	
  study	
  that	
  relied	
  
on	
  self-­‐reporOng,	
  which	
  has	
  many	
  biases	
  (Khuder	
  et	
  al.	
  2007.	
  Arch	
  
Environ	
  Occup	
  Health	
  62:5-­‐11)	
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Exposure	
  and	
  risks:	
  modeling	
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MAD treatment/dewatering or adapting MAD processes to a
TPAD configuration. TPAD configurations generally include
two digesters in series: one operated at thermophilic tempera-
tures (50!55 !C) and one operated at mesophilic temperatures
(35!40 !C).28 For this survey, fecal coliform mean concentra-
tions in COM and TPAD-treated sludges were below the 103

CFU/dry g Part 503 regulatory standard for class A biosolids.
Moreover, class A COM and TPAD indicator concentrations
were 3!6 logs lower than concentrations in class B MAD
biosolids. Pathogens common to class B MAD biosolids were
greatly reduced or at nondetectable levels in COM biosolids,
including Salmonella spp., Campylobacter spp., Staphylococcus
aureus, Listeria spp., Clostridia difficile, and reovirus (Table 1).
Overall, pathogen inactivation in COM studies yielded the
highest average inactivation for biosolids treatments analyzed
here, with 3.6 logs for bacterial pathogens and fecal indicator
bacteria and 5.5 logs for viral pathogens and fecal bacteriophages
when MAD inactivation was taken into account (Figure 1).
Limited culture-based bacterial and viral pathogens studies

have been conducted for TPAD biosolids, although quantitative
PCR has demonstrated the presence of S. aureus, C. difficile
L. pneumophila, and adenovirus genomes (Table 1). The few cul-
ture-based studies in existence for TPAD suggest a mean TPAD
treatment reduction for culturability/infectivity of 1.6 logs for all
fecal indicator bacteria (3.5 logs for fecal coliforms) and 2.8 logs
for enteroviruses. These and other more targeted studies18,29,30 have
expressed concerns about the effectiveness of TPAD processes to
inactivate bacterial pathogens and fecal indicators. Studies in
thermophilic sludge digesters have shown that fecal coliforms
and enterococci were not completely inactivated but instead
entered into a viable but not culturable (VBNC) state. The
culturability of these indicators could be reactivated during high-
speed centrifugation of solids after treatment.
Historically, it was the correlation between fecal coliforms and

Salmonella spp. that the USEPA used as a basis for monitoring
pathogen content by fecal coliform concentrations and setting
class A and class B thresholds.31 These correlations showed
that the probability of Salmonella spp. detection was zero when
fecal coliform concentrations were less than 103 MPN/dry g in
composted biosolids. Based upon this data, class A biosolids were
termed pathogen free when either Salmonella spp. were absent or
the <103 fecal coliforms/dry g requirement was met. Class B
biosolids are expected to contain pathogens. In general, the
complied data show that plants meet these fecal indicator limits
and that ranges in log inactivation generally confirm USEPA
expected log reductions of 0.5!3 logs for bacteria and 0.5!2 logs
for viruses in class B biosolids. The data further demonstrate
that the expectations for enhanced pathogen reduction from
class A composting and temperature-phased anaerobic digestion
are met.1

However, class A biosolids are not pathogen free. By compiling
culturability-based inactivation in all previous class A biosolids
studies, Figure 1 demonstrates that fecal coliform removal or
content is a poor indicator of non-Salmonella spp. pathogen
content in biosolids. Although the 103 CFU/dry gram standard is
met for fecal coliforms in class A biosolids, there were detectable
levels (by culturability and qPCR) of pathogens in 8 of the 14
bacterial and viral pathogens described in COM and TPAD
literature studies. Moreover, fecal coliform indicators were
inactivated more easily during TPAD and COM than all other
indicators and pathogens with the exception of somatic coli-
phages during COM (Figure 1).

Finally, although qPCR-based methods may not provide
reliable log reduction data and were not included in Figure 1,
biosolids pathogen content based on PCR is valuable. Clear
relationships between qPCR and culturable Enterococcus spp.
have been observed in biosolids,30 dose!response relationships
for norovirus are based on qPCR enumeration,32 and qPCR
methods have demonstrated relevance in establishing health
outcomes33!35 and in estimating specific risk in recreational
waters.36 At a very minimum, the presence of these pathogens as
indicated by PCR-based methods clearly demonstrates the
weakness of assuming that the absence of Salmonella spp. in-
dicates the absence of all other pathogens and provides strong
rationale for continuing to survey biosolids for the culturable and
infective content of a broad diversity of pathogens. Overall,
molecular-based studies have pointed to the plausibility of several
pathogens in sewage sludge and biosolids including L. pneumophilia,
C. difficile, S. aureus, methicillin-resistant S. aureus, L. monocyto-
genes, pathogenic Mycobacterium spp., hepatitis A and E virus,
adenovirus, enterovirus, norovirus, parechovirus, coronavirus,
and aichi virus.16,17,21,37!42 These studies demonstrate that a
full and diverse suite of pathogens must be considered when
choosing an indicator for sewage sludge treatment. Indeed, with
the large potential pathogen diversity in sewage sludge, some
level of pathogen monitoring beyond fecal indicators may be
required to understand potential risks.
Health Effects and Infectious Risks Associated with Bio-

solids Application. Epidemiology studies and quantitative mi-
crobial risk assessments (QMRAs) have been used to understand
the health effects from exposure to biosolids and related patho-
gens released during land application. Abbreviated notes on the
design and results of the two epidemiology studies (Table S2)
and the eight QMRA studies (Table S3) that have been
conducted thus far are available in the Supporting Information.
Epidemiology Studies.There has been little progress in the last

twenty years toward producing epidemiological-based evidence

Figure 2. Literature values for annual probability of infection due to
biosolids land application for ingestion and inhalation exposure routes.
Also see Table S3 for study summaries. Accidental ingestion assumes
direct ingestion of 100 mg of biosolids,26 2 g of biosolids,25 and 50 mg20

of biosolids. For inhalation risks, two land application events were
assumed for studies where risk per land application event, rather than
annual risk, was estimated.26 Inhalation risks corresponded to a worst
case scenario with respect to wind speed and atmospheric stability,
and community separation distances included 30-m setbacks13,21,26 and
100-m setbacks.23 Groundwater ingestion risk is determined using a
depth of 30m saturated soil.26 Theworst case scenario for food ingestion
assumed no decay of pathogens in soil between land application and
food harvesting.24.
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of biosolids health effects on the public. Indeed, the limited past
studies serve only to demonstrate and foster uncertainty about
biosolids health effects. The most comprehensive epidemiology
study of biosolids exposures to neighboring communities was
conducted over 25 years ago and included health surveys and
sero-conversion measurements on 163 residents living near land
application sites. The study demonstrated no greater incidence of
adverse health effects over control groups located away from land
application sites.43 These results contrast with a recent mail
survey of residents living within one mile of fields permitted for
biosolids land application—the 437 resident responses suggested
increased incidence of respiratory and gastrointestinal disease
over a similarly sized control group living greater than one mile
from permitted fields.4 Both studies identified potential limita-
tions in their conclusions. The former study had land application
rates (2!10 dry metric tons/ha, once per year) that were lower
than the norm and the authors recommend caution in extrapolat-
ing their outcome to other land application scenarios. The latter
study notes the limitations inherent in self-reporting and mail-in
surveys—these include recall bias and a tendency to over-report
illness when odors are present.44,45 Further, epidemiology studies
that enroll less than 1000 subjects may not be able to identify
statistically relevant health effects unless the risk is very high
(greater than 1 in 100 probability of illness). Even then, several
more independent studies are needed to form any actionable
conclusion.
Additional surveys and questionnaires, while not controlled

epidemiology studies, have been used to catalog the self-reported
adverse health effects and symptoms of infectious and noninfec-
tious disease of residents near land application sites. Over 350
respondents to these surveys reported health effects within one
month of a land application event, including respiratory irritation
as well as bacterial, viral, and fungal infections.5,46 These survey
reports also noted that there were only marginal efforts to track
health complaints by the regional USEPA offices and that in
almost all cases, anecdotal health complaints were not followed
up by a scientific investigation to link health effects to biosolids
land application.6,7 Follow-up on health complaints has been
viewed as a potential method to understand the significance of
biosolids on health impacts.7,47 Environmental Management
System certification, which promotes best practices when land-
applying biosolids, has recently been implemented in many U.S.
municipalities, however, documented scientific reports of the
follow-up of health complaints are not available.
Quantitative Microbial Risk Analyses (QMRA). Potential hu-

man health effects due to land application may also be indicated
with QMRA. Risk modeling circumvents the epidemiology
requirement for a large amount of exposed and unexposed sub-
jects required to observe a lowprobability of infection. It also allows
for consideration of the diverse land application scenarios and
meteorological conditions that may impact human exposure. To
date, eight independent QMRA studies have reported the bioso-
lids-derived infectious risks to residents living near land application
sites (Table S3). Annual infectious risks for different exposure
scenarios are summarized in Figure 2 for the different bacterial and
viral agents addressed in these studies. Compiling these risks
demonstrates that other than accidental ingestion, which the
USEPA Part 503 rules address by restricting site access, the largest
risk to the public living near biosolids land application operations
was from inhalation of aerosols produced during biosolids land
application operation (e.g., loading biosolids into application
equipment, spreading biosolids onto land, and disk-incorporating

biosolids into soils). Within these different exposure scenarios, the
ranking of risk from highest to lowest was accidental direct in-
gestion > aerosol inhalation . contaminated groundwater inges-
tion > contaminated food ingestion.13,21!26 An exception to this
general trendmay be application of biosolids directly onto Karst or
bedrock formations where no attenuation of pathogen transport
into groundwater is provided.48

These prior risk analyses, however, are potentially very un-
certain in magnitude, largely due to the low diversity of bacterial
and viral pathogens that have been considered. All human viral
and bacterial pathogens can be excreted in urine and feces from
which biosolids are derived,49 yet only enteroviruses, rotaviruses,
and Salmonella have been considered in aerosol inhalation risk
assessments. Using enteroviruses in risk estimations is expedient
due to existing dose!response inhalation models50 and the ease
in which enteroviruses infectivity can be determined in compar-
ison to other relevant viruses. The most notable agents missing
from aerosol risk assessments are adenovirus and norovirus. In-
fection via inhalation has been demonstrated for each of these
agents.50!52 Moreover, recent evidence by quantitative PCR
suggests that both norovirus and adenovirus16,17 are present in
significantly higher qPCR concentrations than enteroviruses
(Table 1). Norovirus, which is responsible for 90% of non-
bacterial outbreaks globally,53 is highly resistant to physical and
chemical inactivation,54 while adenovirus is a thermally resistant
virus that can survive for prolonged periods in the environment.20

’QUANTITATIVE MICROBIAL RISK ASSESSMENT
BASED ON NEW PATHOGEN DATA

To augment previous inhalation risk analyses with pathogen
content information and aerosol transport models that have
recently become available, we estimated infectious risks for the
diversity of pathogens in biosolids aerosols emitted during land
application. The criteria for including agents in this QMRA

Figure 3. Annual log probability of viral infectious risk associated with
aerosols emitted from a biosolids land application event (spreading and
disking). Pathogen values are extracted from Table 2. The exposure
model14 considers a worst case scenario of wind velocity = 1.5 m/s and
daytime, a highly unstable atmosphere. Top, middle, and bottom
horizontal lines in the boxes correspond to 25% percentile, median,
and 75% percentile, respectively, and vertical lines represent range.
These risks only represent values associated with occurrence (e.g., do
not include nondetectable data). Based on the reviewed studies, patho-
gen occurrence above detection levels in biosolids is 60% for enter-
oviruses (class B), 88% for adenovirus (class B), and 67% for norovirus
(class B).16,17.
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susceptibilities in human populations, and barriers to testing in
humans. Of particular concern for dose!response is the complex
mixture of pathogens, metals, biotoxins, and hazardous organic
compounds found in biosolids. Recent in vitro human cell line
toxicity experiments with biosolids have demonstrated increased
cytotoxicity and inflammatory potential of class B MAD biosolids
over agricultural soils and Class A COM biosolids61 as well as
significantly elevated endotoxin, a known inflammatory agent.61,62

Elevated lung inflammation has been associated with the increased
incidence of infection in murine models.63

Some uncertainty, however, is due to gaps in knowledge that
may be better understood with directed research. Significant
uncertainties in exposure modeling include a poor understanding
of how exposure changes with movement of people and contami-
nants from outdoor to indoor environments. While advances in
the “puff” exposure time model better simulate the land applica-
tion exposure event,14 these inhalation doses are still limited to
that of an outside, stationary receptor. The use of personal moni-
toring supported by quantitative biosolids aerosol microbial
source-tracking techniques12,64 is amore direct approach to better
describe the biosolids aerosol dose to residents. A final uncer-
tainty that can be improved upon is the limited data set associated
with biosolids risk assessments. Accounting for the uncertainties
in risk analysis as well as searching for a weight of evidence
requires additional independent assessments. Here, while inde-
pendent results from different models do result in similar risk
estimations near 10!4 for enterovirus, it is clear that risk analysis
must be expanded to include additional, more relevant pathogens
and also that the uncertainty in estimating risk must be evaluated
in all risk-based results.

Risk estimates should be used as a means of determining
appropriate engineering controls or setting exposure guidelines
rather than defining risk as acceptable or not. To make such a
judgment, an acceptable risk threshold for biosolids would need
to be defined by a regulatory agency. Previously defined risk thres-
holds from drinking water and recreational water use provide
some perspective. Although not a regulation, a traditionally cited
risk threshold for the ingestion of drinking water has been a 10!4

probability of infection. The basis for this suggestion was that a
10!4 probability of infection from Giardia spp. per person per
year is expected to result in a mean lifetime risk of death from
infection of approximately 10!5.65While thesemicrobial risks and
cancer are not related, this 10!5 level has been cited as reasonable
as it is comparable to the commonly used to 10!4 to 10!6 lifetime
theoretical risks thresholds for cancer that are used as a basis for
estimating maximum contaminant limits for hazardous chemicals
in drinking water.65 Infectious risk benchmarks have also been
determined through epidemiology data. For example, epidemiol-
ogy studies have indicated that specific fecal indicator densities

(126 CFU 100 mL!1 E. coli and 35 CFU 100 mL!1 enterococci)
would result in highly credible gastrointestinal illness rates
between 1 and 2 illnesses per hundred recreation events in waters
impacted by treated effluentwastewater,66 or 3!4 gastrointestinal
illnesses (excludes the need for fever) per recreation event.59,67 A
definition of acceptable risk in the case of pathogen exposure from
biosolids land application may encompass several considerations,
including the severity of infections.25 Unlike drinking water re-
gulations, only a small subset of the general population is exposed.
Thus if similar risk levels occur between drinking water ingestion
and biosolids exposure, the potential amount of infections within
the total population will be significantly lower for biosolids. An
additional issue is that unlike recreational water regulations, ex-
posure for populations living near biosolids land application sites
is not a choice, nor is it easily subject to control (i.e., beach
closing). With these caveats in mind, it is crucial to see calculated
risk values not as a “safe” or “not safe” binarymeasure, but as a tool
to be used to guide measures for reducing risks.
Methods for Reducing Exposure and Risk to Biosolids

Aerosols. These significant uncertainties argue for using bioso-
lids aerosol QMRA models to develop effective approaches for
reducing risk. In the U.S., current state and federal biosolids land
application regulations purport to limit pathogen exposure to the
general public by treating biosolids to reduce pathogen content
and/or through modifications to the land application process.
Under current federal guidelines (no separation distances and
MAD treatment1), an approximately 1.5 log virus reduction in

Table 2. Biosolids Land Application Event PM10 Inhalation Dose (μg)

distance to

downwind receptor (m)

dose (μg) at 1.5 m/s,

atmos. stab. class A

dose (μg) at 3 m/s,

atmos. stab. class B

dose (μg) at 6 m/s,

atmos. stab. class C

dose (μg) at 10 m/s,

atmos. stab. class C

dose (μg) at 20 m/s,

atmos. stab. class C

5 25.3 10.5 3.8 1.4 0.34

30 21.8 8.6 3.2 1.2 0.29

65 17.3 6.9 2.5 0.91 0.23

165 8.8 4.5 1.7 0.59 0.15

500 1.9 1.9 0.84 0.30 0.08

1000 0.54 0.84 0.51 0.18 0.05

Figure 4. Currently available controls for reducing aerosol exposure
associated with biosolids land application. The base case for zero
reduction is the land application of raw, dewatered sewage sludge with
no setback distance. Reductions can be achieved byMAD treatment (see
Table S1), requiring setback distances (Table S4, S5, and S6 and
Figure 3), applying liquid rather than dewatered sludges to reduce
aerosol generation,55,56 or requiring a class A level product (Figure 1).
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